Previous studies have demonstrated that mutations of highly conserved residues in the a subunit of G, (as) can inhibit either the intrinsic GTPase activity (glutamine-227 to leucine, Q227L) or the ability of the protein to be activated by GTP (glycine-226 to alanine, G226A 
NIH 3T3 cells with cDNAs encoding Gn2 a subunit (an) containing either wild-type sequence or the homologous mutations Q205L and G204A. High expression of wild-type a 2, Q205L ain, and G204A an was confirmed in transfected cells by immunoblot analysis. The overexpression of all three an2
proteins was accompanied by an increase in 13-subunit expression. Q205L ai2was a poor substrate for ADP-ribosylation by pertussis toxin as compared with wild-type a j2. Expression of Q205L an markedly'decreased forskolin-or cholera toxinstimulated intracellular cAMP levels in intact cells, confirming the constitutively activated state of the protein. In contrast, G204A a i2increased intracellular cAMP and was resistant to guanosine 5'-[r-thioltriphosphate-induced inhibition of ADP- ribosylation by pertussis toxin, as expected for an inactive an2.
Transfection of wild-type, Q205L, or G204A an cDNA did not induce focus formation of NIH 3T3 cells. However, overexpression of Q205L an induced a decreased serum requirement, a reduced doubling time, and an 8-to 10-fold increase in [3Hfthymidine incorporation. Q205L aj2 cells formed small colonies in soft agar, demonstrating some degree of anchorageindependent proliferation. Expression of G204A ai2slowed the growth of NIH 3T3 cells. We conclude that aj2 plays an important role in regulation of fibroblast growth.
G proteins serve as intermediaries between activated membrane receptors and their effector enzymes and/or ion channels (1, 2) . They are heterotrimeric proteins, composed of three subunits: a, j3, and y. The a subunit binds guanine nucleotide, possesses intrinsic GTPase activity, and in most cases is responsible for modulation of effector activity. The domains involved in binding GTP are highly conserved among diverse members of the G-protein family (3, 4) . One such domain [G-3 region (3) ], implicated in binding to the y phosphate of GTP and changing conformation upon binding of GDP vs. GTP, has the consensus sequence DVGGQR (single-letter amino acid code) in most a subunits. Since function of GTP-binding proteins is regulated by the binding of GTP vs. GDP, mutations that alter hydrolysis of GTP or activation by GTP will have a critical effect on signal transduction. Mutation of glutamine-61 in the G-3 region of p2lras results in constitutive activation through a decreased GTPase activity. Mutation of the comparable amino acid, glutamine-227, in the a subunit of Gs (as), the G protein that mediates stimulation of adenylyl cyclase, leads to a constitutive increase in cAMP formation (5) (6) (7) (8) . Mutation of glycine-226 to alanine (G226A) in the G-3 region of as blocks activation of adenylyl cyclase, because a, is unable to assume the GTPbound active configuration (9, 10) . The mutant protein is, however, capable of coupling normally with receptors. Such a mutant could function as a dominant inhibitor.
Initially, only a limited number of G proteins were recognized. G. and G1 were originally identified functionally as the G proteins that stimulate and inhibit adenylyl cyclase activity, respectively. The latter response could be blocked by pertussis toxin. It is now clear that there is substantial diversity in the G-protein family (4) . There are multiple pertussis toxin-sensitive G proteins encoded by three distinct a1 genes, ail, ai2, ai3, and by an ao gene (1) (2) (3) (4) . Their specific functions are still mostly unknown, and which protein is responsible for adenylyl cyclase inhibition is not clear for most cell types. Inhibition by pertussis toxin implicates one or more of these G proteins in a variety of biological effects. An important example is control of cell proliferation, particularly in fibroblasts (11) (12) (13) . Pertussis toxin partially inhibits fibroblast proliferation stimulated by serum, and this inhibition may be specific to certain growth factors or hormones (13) (14) (15) . a; is also involved in cell differentiation, particularly in myeloid cells (16, 17) . Which of the three ai genes is responsible for pertussis toxin action on cell proliferation and differentiation is unknown. To begin to address this question, we made the mutations homologous to as Q227L and G226A in one of the three candidate ai genes, ai2. Given (22) . Twenty-four hours after transfection, cells were grown in selective medium containing G418 (0.75 mg/ml) for at least 2 weeks. G418-resistant cells were cloned by serial dilution. Twelve clones were selected for each construct, and the studies described in this article were performed with the clones demonstrating the highest level of ai2 expression (three or four clones for each construct). All results shown are of one clone that was representative of the three or four clones tested for each construct.
Immunoblot Analysis. Confluent cultures of NIH 3T3 clones were scraped, pelleted by centrifugation, and washed three times in 10 ml of phosphate-buffered isotonic saline (PBS) at pH 7.5. The cell pellets were frozen (-700C) and thawed once, homogenized in a Dounce homogenizer, and centrifuged for 10 min at 1000 rpm at 4°C. The supernatant was centrifuged for 30 min at 14,000 rpm (11,600 x g) in a microcentrifuge at 4°C. Pellets (membranes) were resuspended and stored at -70°C in 10 mM Tris buffer, pH 7.4, containing 0.25 M sucrose and 0.10 mg of leupeptin per ml. The protein concentration was determined by the Bradford method (23) with IgG (Bio-Rad) used as a standard.
Membrane proteins (100 ug per lane) were resolved in an SDS/10% polyacrylamide gel, transferred to nitrocellulose, and immunoblotted with the following affinity-purified antisera: AS7, specific for ai1 and ai2; RM, specific for as; and MS, specific for A subunits (24) (25) (26) . was added and ADP-ribosylation carried out at 37°C for 20 min. The reaction was stopped with 50,ul of stopping buffer (0.02% bovine serum albumin/0.5% sodium deoxycholate/ 500 uM NAD) and proteins were precipitated with 1 ml of ice-cold 20%o trichloroacetic acid. After centrifugation (10 min, 11,600 x g, 4°C), supernatants were discarded and pellets washed once with cold acetone. Pellets were resuspended and analyzed by SDS/10% PAGE followed by autoradiography.
cAMP Assay. NIH 3T3 cells were plated at 50,000 cells in 1 ml per well and grown to half-confluency in DMEM with 10% calf serum in 24-well plates (previously coated with fibronectin, 1 ,g/ml in 1 ml of PBS, for 60 min at 37°C). The medium was replaced with DMEM (1 ml per well) containing 10 mM Na Hepes (pH 7.5), 1 mM 3-isobutyl-1-methylxanthine, and either 0.1 mM forskolin or 1 nM cholera toxin. The plates were incubated at 37°C for 30 min and then placed on ice. The incubation medium was replaced with 1 ml of 0.1 M HCI/0.1 mM CaCl2 and the plates were stored at -20°C. After thawing, samples were acetylated by adding 20 (27) and DNA content of each well was determined to normalize for differences in cell number.
Soft-Agar Colony and Transformation Assays. For assays of anchorage-independent growth, suspensions of 5 x 103 cells in a growth medium containing 0.33% agar (Difco) were overlaid onto 0.55% agar gel. Colonies over 0.10 mm in diameter were scored after a 15-day incubation at 370C. For the transformation assays, NIH 3T3 cells were transfected with 1 or 5 1ug (a i2 constructs) or 0.2 Aug (v-src) of DNA per 10-cm plate. Transformed foci were scored after 2 or 3 weeks. Doubling Time. Cells were plated at 103 cells per well in 24-well plates and grown in DMEM with 10% calf serum. Twenty-four hours later, cells were trypsinized and counted in triplicate in a hemocytometer. The cells were then grown in DMEM with 1% or 5% calf serum, with the medium replaced every other day. Cell counts were determined in triplicate every day from day 1 to day 6. The results obtained were analyzed for exponential doubling time.
[3H]Thymidine Incorporation. Twenty-four-well culture plates were coated with fibronectin. Cells were then plated at 10,000 cells per well with 1 ml of medium and incubated for immunoreactivity is a measure of a i2 expression. For each construct, we chose the 3 or 4 clones expressing the highest levels of ai2 for the experiments described below (Fig. 1 Changes in a, expression were not correlated with changes in cAMP production and growth rate (see below) observed in clones transfected with a j2 cDNAs. Immunoblotting with MS antiserum showed at least a 3-fold increase in a-subunit expression in the cells transfected with wild-type a i2. The increase in p subunits in Q205L a 12 cells appeared smaller (Fig. 1B) Fig. 1 ). (Fig. 2) .
Effects of Transfected aj2 on Intracellular cAMP Levels.
Cells transfected with vector alone or with wild-type ai2 increased their intracellular cAMP 65-fold when stimulated by 0.1 mM forskolin and 13-fold when stimulated by 1 nM cholera toxin (Table 1 ). In contrast, cells transfected with Q205L a i2 showed only a 23-fold intracellular cAMP increase in the presence of forskolin and a 5-fold increase in the presence of cholera toxin. This is a 55% (forskolin) and 45% (cholera toxin) inhibition of stimulated adenylyl cyclase activity. In contrast, cells transfected with G204A a i2 demonstrated an increase in both basal and stimulated intracellular cAMP levels.
Effects of aj2 on NIH 3T3 Cell Proliferation. Soft-agar colony and transformation assays. The acquisition of anchorage-independent growth often correlates with tumorigenicity. Clones expressing a i2 were assayed for their ability to form colonies in soft agar. Cells (5 x 103) containing vector alone or the wild-type or G204A a 12 construct failed to grow in 0.3% agar, whereas cells containing Q205L ai2 construct formed small colonies (Fig. 3) . The size and number of these colonies were considerably smaller than those observed with v-src-transfected cells (Table 2) per plate. Thus, the overexpression of constitutively activated a,2 alters growth and anchorage dependency in NIH 3T3 cells, although it lacks focus-forming activity.
Growth characteristics. We studied the growth rate of a i2-transfected cells in monolayer cultures. Detailed growth curves were established for cells incubated in 1% and 5% calf serum. The data obtained are summarized quantitatively in (Fig. 4 Left) was 8-to 12-fold higher for Q205L a i2 cells than for control cells. Interestingly, wild-type a i2 cells also showed a moderate (3- results were obtained in the presence of 1% serum (data not shown). In the presence of 5% serum (Fig. 4 These results suggest that both the amount and the state of activation (see below) of a subunits are important for the regulation of 83y expression in the cell membrane. A variable reduction of as was observed in some clones, unrelated to the type of transfected a i2.
The G204A and Q205L mutations in ai2 have effects comparable to their equivalent mutations in as. In contrast to wild-type a i2, G204A ai2 is efficiently ADP-ribosylated by pertussis toxin upon binding to GTP [yS] , suggesting that the mutant fails to enter the activated conformation and to dissociate from fy after binding to GTP. This behavior is characteristic of the "H21a" mutation (G226A) described in a. (9) . In contrast, Q205L a,2 is relatively poorly ADPribosylated by pertussis toxin when bound to either GTP or GTP[yS], suggesting a persistent state of activation of the protein and dissociation from fry. This implies that the GTP-binding site is functionally identical in a. and a i2 and that the Q205L mutation causes constitutive activation of the a,2 pathways, whereas the G204A mutant causes inactivation and could function as a dominant inhibitor.
Our data confirm in fibroblasts that a i2 inhibits adenylyl cyclase, as previously demonstrated in platelets (33 constitutively active Q205A ai2 inhibits stimulated adenylyl cyclase, although basal levels of cAMP are unaffected. These findings are consistent with those of Wong et al. (31) . In contrast, cells transfected with inactive G204A a12 have higher basal and stimulated levels of cAMP than control cells.
These results suggest that a i2 may function to inhibit adenylyl cyclase under both basal and stimulated conditions. Pertussis toxin-sensitive G proteins are involved in regulating proliferation of fibroblasts (11) (12) (13) (14) (15) significantly shorter and a saturation density significantly higher than those of control cells. Furthermore, these cells are able to form small colonies in soft agar, indicating abnormal, anchorage-independent growth. Similarly, overexpression of wild-type ai2 increases saturation density and reduces serum requirement, though to a lesser degree than with the activated mutant. In contrast, transfection of inactive G204A a 12 impairs NIH 3T3 cell growth, resulting in a longer doubling time and lower saturation density than control cells.
Recently, as activating mutations, including Q227R and R201C or R201H (which also reduce the intrinsic GTPase activity), have been found in human pituitary tumors (7, 36) .
Homologous mutations of a i2(R179C and R179H) have been detected in human adrenal and ovarian tumors (37) . Constitutive activation of proteins that transmit proliferative signals can promote cell transformation or tumor growth (38) . Our data suggest that in fibroblasts the constitutively activated form of ai2 is not by itself transforming, but such a mutant could contribute to neoplastic proliferation.
Several issues raised by this study require further investigation. It is unclear whether all the effects of ai2 on cell proliferation result from changes in cAMP levels, or whether regulation of other pathways such as phospholipase C activation, arachidonic acid release, and increased calcium influx could be involved in a12 regulation of NIH 3T3 growth. After this paper was submitted for review, a study by Lowndes et al. (39) appeared showing that expression of Q205L a 12 in CHO cells not only inhibited stimulation of cAMP formation but also altered receptor-stimulated phospholipase A2 activity. The NIH 3T3 clones expressing mutant a 12 should be valuable tools to study interaction of a i2and growth factor (or hormone) receptors involved in fibroblast proliferation. It is also not clear whether other pertussis toxin-sensitive G proteins such as G1l and Gi3 can regulate cell proliferation.
Nonetheless, the present studies clearly establish that Gi2 is an important regulator of cell proliferation. Given its ubiquitous expression, alterations in Gi2 function could affect cell growth in a broad range of tissues and cell types.
Note Added in Proof. Recently, the R179C mutant of ai2 was shown to induce neoplastic transformation of Rat-1 cells (40) .
